Abstract: Landings of North American Atlantic salmon (Salmo salar) over the past century show multidecadal patterns, which most recently characterize unprecedented declines in abundance. Stock size is compared with sea surface temperature (SST) data in the marine nurseries of post-smolt Atlantic salmon. A previously described correlation between stock abundance and winter SST conditions was again documented; however, of more relevance to the survival of salmon post-smolts, a correlation was also observed between abundance and spring SST in the Gulf of St. Lawrence. The relevance of the winter SST correlation was further investigated by considering winter conditions in the freshwater nurseries as a factor causing elevated overwintering mortality of pre-migrant parr. The salmon abundance time series was compared with air temperature and rainfall trends averaged over time and space. Air temperature and rainfall do not appear to be significant environmental variables in shaping salmon recruitment. The timing of smolt runs appears to be out of synchronization with ocean conditions in the post-smolt nursery areas. The relationship between marine and freshwater impacts may change with changing climate conditions. Persistent positive phase forcing in the North Atlantic Oscillation raises the concern that recent declines in Atlantic salmon are, in part, due to global climate change.
Introduction
Questions about the recruitment of Atlantic salmon (Salmo salar) in North America remain enigmatic, especially in regard to the relationship between events in fresh water and in the sea. Although there are concerns about the impact that climate can ultimately have on recruitment, there are few data to link recruitment of these stocks to broad-scale climate forcing. Thus, the dramatic decline in stocks reproducing at the southern end of the range in North America, as evidenced by the recent endangered listings of salmon populations in Maine, U.S.A., and the Bay of Fundy, Canada, re-mains largely unexplained (Anderson et al. 2000) . And though not as severe, there is also evidence of a decline in salmon in the core distribution areas of the North American stock complex, which is also largely unexplained and which complicates the imposition of management restrictions (Chaput et al. 1998) . Where climate-impact studies are typically a search for prediction models of the survival rates within populations, analyzing the impact of climate on Atlantic salmon is evolving into a search for survival rates among populations.
Climate studies on the marine phase of Atlantic salmon have focused on ocean conditions and their consequences for post-smolt survival. Run reconstructions of large stock complexes and experiments with individual stocks show that mortality is very high during the first year at sea. Post-smolt mortality has been shown to exert a more profound effect on the pattern of recruitment than mortality in fresh water (Chadwick 1987) . Studies done thus far on marine conditions and North American stocks have focused on winter climate signals. Reddin (1988) and Ritter (1989) found that survival rates could be related to thermal conditions during the winter of the post-smolt year. The winter correlations were hypothesized to be an indication that post-smolt migration patterns were changing in response to temperature, and as a result, predation pressure varied (Ritter 1989) . Reddin and Friedland (1993) computed thermal habitat for winter by relating catch rate at temperature to the temperature fields of the Northwest Atlantic and found that the winter thermal habitat index and North American stock size were positively correlated. Friedland et al. (1993) systematically searched for correlates between a stock index based on landings and thermal habitat for the months and temperature ranges relevant to post-smolts and reported that thermal habitat variation in winter was the strongest correlate. However, using stock size as a proxy for survival, it is not obvious what sort of survival mechanisms are at work. We are faced with the dilemma that Atlantic salmon are quite large by their first winter and have outgrown vulnerability to most predators that affect them earlier in the post-smolt year (Allen et al. 1972) . The absence of a spring correlate, indicative of the ocean conditions when the fish first enter the marine environment, is puzzling.
The concept of a "critical period" for salmonids is most commonly applied to the factors affecting juveniles when they first enter the marine environment. The fish are challenged by a wide array of potential sources of mortality; however, most fish are believed to be lost to predation during the first weeks in the ocean. There is a rich body of literature supporting this contention from the Pacific (Fisher and Pearcy 1988; Holtby et al. 1990) and Baltic (Eriksson 1994; Salminen et al. 1995) . Climate analyses with Atlantic salmon in European waters suggest that Atlantic salmon populations behave much the same way. Friedland et al. (1998a) observed that thermal regimes during the first weeks at sea are correlated with survival patterns of two index stocks, one migrating from southern Norway, the other from western Scotland. In years when warm thermal regimes invaded the North Sea and southern Norwegian coast in a time frame coincident with the post-smolt migration, survival was good. Alternatively, when cold conditions persisted in the region during the migration period, survival was poor. Climate mediation of survival was suggested by the environmental correlate; however, the nature of the survival mechanism was further elucidated with growth data for one of the two index stocks. Friedland et al. (2000) reported that post-smolt growth followed a pattern similar to the time series of survival and climate variation. When warm sea surface temperatures (SSTs) were present as post-smolts began their ocean migrations, survival was higher and post-smolt growth was also correlated. Thus, post-smolt survival of European Atlantic salmon appears to be influenced by the same mechanisms hypothesized for a wide range of marine species, better growth during a critical period is associated with the ability to escape predation (Anderson 1988; Pepin 1991) .
Post-smolt growth data for North American salmon is equivocal in its support of the hypothesis that growth and size influence post-smolt mortality. Studies on hatchery fish show that differences in survival rates between stocks can be related to post-smolt growth (Friedland et al. 1996) ; however, no evidence has yet been presented to show that interannual variation in survival is related to post-smolt growth for North American stocks (Friedland 1998 ). This may be related to the selection of the stocks analyzed thus far; perhaps the analysis of wild stocks over a wide geographic range will shed further light on this issue.
Climate studies on the freshwater phase of Atlantic salmon have mainly focused on river conditions that control the mortality and growth of parr over the course of a number of growing seasons. Ghent and Hanna (1999) revisited Elson's hypothesis relating rainfall and water levels with bird predation in freshwater nurseries. Minns et al. (1995) considered the effect of temperature change on the extent of available parr habitat and the ramification for juvenile production, predicting changes in smolt age distributions. Arndt et al. (2002) recently examined the impact of summer precipitation on the feeding and growth of parr and found populations were resilient to rainfall events. However, during the recent decline in stock abundance of North American salmon, conservation measures have increased the population sizes of salmon juveniles in fresh water, lessening our concerns over climate factors in freshwater environments affecting recruitment (Anonymous 2002; Swansburg et al. 2002) . Of greater interest is the impact of ice stability on juvenile habitats and mortality of pre-migrant parr the winter before they smoltify and go to sea (Cunjak et al. 1998; Whalen et al. 1999a; Prowse and Beltaos 2002) . Freshwater censuses of juvenile populations are often conducted before winter and thus before any winter mortality on pre-migrant parr. Deterioration of conditions in the freshwater nursery during the winter before migration could result in lower smolt production than expected from the census numbers the summer before. Thus, climate impacts on parr populations during winter could potentially control recruitment; furthermore, a climate effect in fresh water during winter would establish a linkage to the previously observed correlates relating abundance to climate conditions in the sea during winter.
The migration of smolts from freshwater nurseries is governed by physiology and environmental cues. Freshwater parr are primed by photoperiod to undergo physiological changes to transform into marine adapted smolts; the migration is initiated by common seasonal cues (Whalen et al. 1999b) . Obviously, photoperiod is relatively constant year to year, thus our focus on environmental timing of migration must be on other factors. Whalen et al. (1999b) concluded that temperature is the primary trigger for smolt migration and has been most widely associated with a 10°C threshold. Water flow has been associated with the initiation of some smolt migrations, but these examples are often in environmental settings lacking temperature contrast (Hesthagen and Garnås 1986) . As Gargett et al. (2001) suggests, the most useful mechanistic hypotheses underlying climate-forced patterns in salmonid recruitment may be related to the timing of salmon entry into the marine environment. It is not clear whether the smolt migration has remained in synchronization with early ocean conditions for North American stocks of Atlantic salmon.
Our goal with this investigation is to examine three survival control points: overwintering mortality of parr the winter before migration to sea, the synchronization of smolt migration and marine conditions, and conditions related to the first weeks to months at sea for post-smolts. We will apply the newly released enhanced version of the Comprehensive Ocean-Atmosphere Data Set (COADS) to see if further insights on marine conditions and post-smolt survival can be achieved. Additionally, data sets associated with freshwater rearing areas, specifically air temperature and rainfall, will be examined in regard to overwintering conditions and the initiation of smolt migrations.
Methods
Our primary method is that of exploratory correlation analysis. It is predicated on the use of proxy data to represent North American Atlantic salmon stock complex size and environmental conditions in the freshwater nursery during winter and spring and in the ocean nursery for post-smolts. We will be using an index based on landings of salmon throughout North America spanning a relatively long time period, viz. fishery years 1910-1997; regrettably, it is not possible to apply the methods of salmon run reconstruction used by assessment working groups because of the limitations of the historical data (Anonymous 2002) . Therefore, we are reliant on the landings time series as a proxy variable for stock size and survival at key life-history stages. We will, however, draw on the assessment estimates of stock abundance in a comparative way to evaluate the landings index. Likewise, relevant environmental conditions in salmon nursery zones have not been specifically measured, thus we use SST data to represent conditions in marine nursery habitats and air temperature and rainfall data from land observing stations to represent environmental conditions in freshwater nursery habitats.
Stock size of the North American Atlantic salmon stock complex
The North American stock complex was represented by the time series of Canadian and U.S. landings from 1910 to 1997 amended by the West Greenland catch of North American Atlantic salmon (May and Lear 1971; Anonymous 2002 ) using the approach outlined in Friedland et al. (1993) . We will refer to this as the North American Atlantic salmon landings index. Most of the catch at West Greenland is of one sea-winter (1SW) salmon and is partitioned by continent of origin (Reddin and Friedland 1999) and sea age. Before the development of the Greenland fishery in the 1960s, these fish would have returned to home waters the following year as 2SW fish and would have either been caught in fisheries or returned to fresh water and spawned. Though there are 3SW salmon and repeat spawners in the North American stock complex, most fish are caught or spawn at either 1SW or 2SW ages. To create equivalency over the time series, we used the same methodology as Friedland et al. (1993) and added the Greenland catch to the time series as an estimate of 2SW catch likely to have been taken in Canada in lieu of the 1SW catch in Greenland.
Thermal conditions in the marine nursery
Time series of SST were derived from the COADS data set. These data are assembled from ship reports, research vessels, buoys, and other devices and are summarized as monthly means averaged by 2°× 2°square latitude-longitude boxes (Woodruff et al. 1998) . Their compilation provides a depiction of SST worldwide. We used the data from release 1a/1b/1c, also referred to as the enhanced version. Mean monthly SSTs were calculated for five index areas Table 3 . Correlation between North American Atlantic salmon (Salmo salar) landings index and sea surface temperature (SST) for five SST index areas, by month, at 1 year before catch year (lag 1) and 2 years before catch year (lag 2).
( Fig. 1 ) meant to represent the various habitats that salmon post-smolts utilize in the marine environment. Though our primary interest is the time period in which post-smolt are using these habitats, i.e., spring to fall, or from emigration from fresh water to emigration to the overwintering areas, we calculated monthly mean temperatures for the full calendar year. The time series of mean SSTs were correlated with the North American salmon landings index at two time lags using Pearson's product-moment correlation. Because most of the landings were of 1SW and 2SW fish, the landings index was compared with the two years that the respective smolt cohorts would have been post-smolts; year i landings were compared with the environmental conditions (SST) in year i -1 with respect to the 1SW component (lag 1) and to year i -2 with respect to the 2SW component (lag 2).
Thermal and rainfall conditions in the freshwater nursery
Monthly means of air temperature and rainfall, together with daily maximum air temperatures, were assembled for a representative group of observing stations across the range of freshwater salmon habitat in North America (Fig. 2) . The 25 stations included 22 from Canada and three from the United States (Table 1) . With the exception of Labrador, all stations had temperature data for the overwintering seasons and smolt migration years . The analysis of daily air temperature was restricted to four stations with complete data and representative of the primary salmon producing areas. Rainfall data were only available for the Canadian stations. The numbering system in Table 1 is simply to facilitate labeling in the station map.
Air temperatures for Canadian stations were extracted from a database of homogenized, long-term temperature time series. Missing values were estimated using highly correlated neighboring stations and by joining short-term station segments to create long-term series. Using a recently developed technique based on regression models, Vincent (1998) identified inhomogeneities in the temperature series, which are often nonclimatic in origin and are due to station alterations, including changes in site exposure, location, instrumentation, observer, observing program, or a combination of the above. Monthly adjustments were derived from the regression models, and adjustments were applied to bring each homogeneous segment into agreement with the most recent homogenous part of the series (Vincent and Gullett 1999) .
A similar effort was undertaken to create a long-term, homogenous database of precipitation data for Canadian stations (Mekis and Hogg 1999) . Adjustments were applied to the daily level for rain and snow separately. For each raingauge type, corrections to account for wind undercatch and evaporation were implemented. Gauge-specific wetting loss corrections were also applied for each rainfall event. Overlapping periods were used to minimize possible inhomogeneities.
Air temperature and precipitation for stations in the United States were derived from the U.S. Historical Climatology Network (Karl et al. 1990) , which is a high-quality data set of monthly averaged maximum, minimum, and mean temperature and total monthly precipitation developed to assist in the detection of regional climate change.
The analyses of air temperature and rainfall were limited to winter months as identified by the distribution of mean monthly air temperatures over the study period. Mean monthly air temperatures are below freezing for nearly all observing stations for the months of December through March (Fig. 3) . The only exceptions are December and March means for the most southerly stations. November and April monthly means were below freezing for only the northern most stations in Newfoundland and Labrador. Because the main salmon producing areas are largely contained between 44 and 50°N, it was decided that December through March constituted the winter and subsequent analyses will be restricted to these months.
Air temperature and rainfall trends were compared with the North American Atlantic salmon landings index by both individual observing stations and by spatially and temporally combined data within a winter season. The time series of station air temperatures and rainfall were correlated with the North American salmon landings index at two time lags (same rationale as used with the SST data) using Pearson's product-moment correlation. December data were lagged 2 and 3 years to make them contiguous with the correct winter season. Spatial combinations of the data were guided by a principal component analysis of the winter data. Once spatial groups of stations were decided, means and first principal component factor scores were correlated with the North American Atlantic salmon landings index at the previously described time lags using Pearson's product-moment corre- lation for monthly, bimonthly, and seasonal combinations of the data.
Daily maximum air temperature for selected stations was analyzed by temperature ranges indicative of the potential for thaw of nursery stream ice. Monthly counts of the number of days that air temperature exceeded 1°C and 4°C and, by difference, the number of days between 1 and 4°C were correlated with the North American salmon landings index using Pearson's product-moment correlation and also applying the same lagging scheme used for the mean air temperature, precipitation data, and rainfall.
Synchronization of smolt migration and ocean conditions
The synchronization of smolt migration and ocean conditions in post-smolt nursery habitats was evaluated by comparing the year-day of putative thermal conditions in freshwater nurseries that would trigger smolt migration versus the yearday of target SST conditions at first entry into the marine environment. This measure is intended to provide an index of the fitness of smolt migration mechanisms in respect to the marine environment affecting post-smolt survival. The analysis was based on the SST index areas used in the SST correlations (Fig. 1) . Land-based air temperature observing stations were partitioned based on their representation of the drainages emptying into the respective SST areas (Table 2) . Within each area, a regression was fit to predict year-day of occurrence of spring mean monthly air temperature based on the data from the member stations. Each annual regression was used to estimate the year-day for target air temperatures tested over a range of 7 to 13°C. The same procedure was used with the SST data. SST data for each area was used to develop regressions predicting year-day of spring SST; the range of target SST was 4-10°C, which was 3°C lower than the target air temperatures. The difference between the air temperature target year-day and the SST target year-day, i.e., the number of days, was correlated over the full range of permutations between target air temperature and target SST using Pearson's product-moment correlation and also applying the same lagging scheme used for the other data types.
Climate indices
Two climate indices were compared with the North American Atlantic salmon landings index. First, the Gulf Stream North Wall (GSNW) indices, which are indicative of the distribution of SSTs in the Northwest Atlantic, were correlated with the landings index. The GSNW indices are based on the analysis of Taylor and Stephens (1980) and are characterized as monthly and annual means of the first principal component of the position of the north wall of the Gulf Stream, 1966 Stream, -2000 . Second, two versions of the widely applied winter North Atlantic Oscillation (NAO) index, which is an indication of atmospheric effects across the North Atlantic (Hurrell 1995) , were correlated with the landings index. Both indices were correlated using Pearson's product-moment correlation and at the same two time lags used with the other data sets.
Autocorrelation and degrees of freedom
Most of the time series dealt with in this correlation study are highly autocorrelated or persistent meaning that the catches from one year to the next are strongly related. Autocorrelation can lead to an overestimation of the significance of the correlative relationship between variables. This is because standard significance tables for correlation coefficients assume that each point in the series is independent, i.e., the autocorrelation at lag of 1 or more is zero. For fisheries and environmental data, this assumption is not valid. A number of approaches have been applied to correct for the autocorrelation problem. One technique is to remove the low-frequency trends through differencing the data before running the correlations. Another approach is to estimate the number of independent points (N a ) in the time series by correcting for autocorrelation. We have used the latter following Garrett and Toulany (1981) , which simply computes an estimate of independent points for an autocorrelated time series:
Where N is the number of points in the original time series, j is the lag for the autocorrelation (j = 1,…, N), and A j is the autocorrelation at lag j. For correlations between time series X j and Y j , A j is the autocorrelation of the product time series X j times Y j . The number of lags used in the summation should be to the first zero-crossing. Thus, the significance of all correlations reported is evaluated using this criterion.
Results
Each of the data sets with which we worked had unique characteristics with respect to the statistical properties of their time series and the relationship between observing stations within a data type. Because we were interested in characterizing the impact of a season on the entire salmon cohort, it was critical to evaluate combinations of the environmental data that would hopefully capture the scale of the phenomenon. We tried to be conservative in the application of spatial and temporal smoothing, especially when there was auxiliary data to suggest smoothing was unwarranted.
Stock size of the North American Atlantic salmon stock complex
The time series of North American Atlantic salmon landings has a distinct multidecadal pattern showing two peaks in abundance over the past century. The highest observed index level was during the 1920s when landings reached 6000 metric tons (t) (Fig. 4a ). This peak catch was part of the first period of high abundance that spanned approximately two decades, the 1920s and 1930s. The stock is assumed to have declined during a period of low catch that occurred during the later 1950s to early 1960s, followed by a rapid increase in landings that also lasted approximately two decades. The stock complex has decreased in size over the past two decades of the time series to the lowest levels observed. This decline can be confirmed by comparing the landings index with the estimate of pre-fishery abundance for 1SW and 2SW salmon from stock assessments (Anonymous 2002) . Stock abundance has been as high as 1.7 million fish but has declined over the past three decades to levels as low as 400 000 fish (Fig. 4b) . The landings are embedded in the stock abundance estimate, thus correlation would be inappropriate. However, the main point is that the best estimates of escapement and mortality outside the landing index do not alter the pattern of abundance suggested by the two data sets. The decline in stock abundance continues beyond the extent of the landings index, which ends in fishery year 1997. This comparison supports our contention that changes in stock abundance are reflected in the landings index. There is a diversity of views on the use of catch data as an indicator of Atlantic salmon stock size (Bielak and Power 1986; Shearer 1986 ). We recognize these concerns but assert that only unrealistic changes in fishing mortality would reverse the interpretation of the landings data trends for North American Atlantic salmon.
Thermal conditions in the marine nursery
A comparison of the landings index to monthly mean SSTs 1 and 2 years previous from the each of the five marine nursery areas was undertaken using correlation analysis. The initial analysis suggested that 37 of the 120 correlations were significant at p < 0.5, more than by chance alone. We then repeated the significance tests adjusting for autocorrelation in the time series using the method of Garrett and Toulany (1981) , which suggested that only three of the 37 were reliably significant. Stock size was negatively correlated with spring SST conditions in area 1 (Table 3) . The negative correlation weakens in the summer and is again prominent in the fall. The only significant correlation is between May SST and the landings index at lag 1. The spring correlation is temporally coincident to the time that salmon post-smolts would be migrating to sea. The correlations in area 2 occurred earlier in the year. Winter SST was negatively correlated with stock size, the only significant correlations being in February. In this case, lag 2 correlations were slightly higher than lag 1. The correlations in areas 3-5 were progressively weaker. The correlation in area 3 mirrored area 2 in those winter months that showed the highest correlation, and the sign of the correlations were the same as for area 2. The correlations were much weaker in area 4 and absent in area 5. Therefore, the SST analysis reveals two areas of interest, a negative correlation between winter SST and stock size primarily focused over the Gulf of Maine and the Scotian Shelf (Fig. 5b) and a negative correlation between stock size and SST conditions in the Gulf of St. Lawrence during spring (Fig. 5c) . The landing index is repeated (Fig. 5a ) for comparison. As can be seen in these time series, the early decades show greater interannual variability and missing values, which reflects the nature of the COADS data to be less reliable further back in time. Because many of the features of the smoothed SST data qualitatively corre-late to the landings index time series, we feel that the erosion of correlative fit is in part due to observational noise in the COADS data.
Thermal and rainfall conditions in the freshwater nursery
There is no evidence of a relationship between winter air temperature and stock size based on correlation between monthly mean temperature and the landings index. Significance criterion (p = 0.05) for a time series of 88 observations uncorrected for autocorrelation has an absolute value of 0.21. A plot of correlation by latitude (axis rotated) for each month, lag, and observing station yielded only a few potentially significant coefficients, none of which was found to be significant after applying the autocorrelation correction (Fig. 6) . The lower latitude station correlations were of negative sign, switching to positive sign at the higher latitudes. The correlations at lags 1 and 2 track each other. Because we are concerned with the accumulated effects over a winter season, it is not surprising that correlation to individual months yielded little information. As can be seen for the time series of mean temperature for Chatham (station 5, Fig. 2) , located in the heart of the salmon production area, monthly data reflected some of the features seen in the SST data and also show important differences between months (Fig. 7) . January and February mean temperature at Chatham (Figs. 7b,  7c) show an increase in temperature during the 1950s, which is coincident with the increase in the SST data. March temperatures (Fig. 7d) suggest little contrast in conditions, and December temperatures (Fig. 7a) suggest a long-term increase in temperature during the past century. Though the time course of temperature is difficult to evaluate over the winter season, the spatial pattern within a region is coherent. Mean temperature for February in six New Brunswick stations show very similar time trends (Fig. 8a) . The smoothed depiction of these data reinforces the assertion that though Note: Mean temperature refers to mean air temperature across the area group members and months designated; first principal components refers to the factor scores for the data combined with principal components. Table 4 . Correlations between North American Atlantic salmon landings index and air temperature for two area groupings by month and monthly combinations at 1 year before catch year (lag 1) and 2 years before catch year (lag 2). annual data are a poor match to the trend in the SST data, the filtered data are similar (Fig. 8b) .
Two major groupings of air temperature observing stations were identified in the principal component analysis (members of the groupings are listed in Table 4 ). One group was composed of stations from Newfoundland, Quebec, and Prince Edward Island while the other consisted of stations from New Brunswick, Nova Scotia, and the United States. Sable Island, (station 19, Fig. 2 ), Deer Lake in Newfoundland (station 6), and the two Labrador stations (stations 3 and 10) were excluded because of their location or shortened time series.
Correlations between stock size and mean air temperature were nonsignificant. Correlation coefficients for these station groups combined over various time periods and by two combining methods were nonsignificant (Table 3) .
Patterns in the daily maximum temperature data reflect those in the mean monthly temperature. Cumulative winter counts of the number of days above 1°C for the winter season at Chatham station are shown (Fig. 9a) . Though the time series of counts show a great deal of annual variability, the 5-year moving average data clearly show the same pattern seen in the temperature data. The periods of high abundance of salmon are associated with lower numbers of thaw days, and the periods of low abundances are associated with higher counts. A different trend can be seen in the time series of counts of days greater than 4°C; higher counts occurred with greater frequency in recent years (Fig. 9b) . The transitional temperatures, days between 1 and 4°C were highest at the beginning of the time series (Fig. 9c) . Despite the qualitative similarity between many of the features of the daily temperature counts time series and the landings index, the daily temperature count data were for the most part uncorrelated with the landings index for the four stations considered (Table 5).
Two major groupings of rainfall observing stations were identified in the principal component analysis (members of the groupings are listed in Sable Island, Labrador stations, and Deer Lake were excluded because of their location or the length of the time series.
The correlations between the landings index and rainfall for each station by months, arranged by latitude, were all nonsignificant (Fig. 10) . Rainfall data combined over time and space confirm the absence of any correlation between the landings index and rainfall amounts (Table 6 ). However, the smoothed time series for average rainfall show many of the same features associated with the landing index time series (Figs. 11a, 11b ). Both time series show a peak in rainfall associated with the low abundance years of the 1950s, Note: Mean precipitation refers to rainfall across the area group members and months designated; first principal components refers to the factor scores for data combined with principal components. Significance: *, p = 0.05; **, p = 0.01. Table 6 . Correlations between North American Atlantic salmon landings index and rainfall for two area groupings by month and month combinations at 1 year before catch year (lag 1) and 2 years before catch year (lag 2). and more so for the New Brunswick -Quebec group, rainfall is low during the sustained period of high abundance during the first half of the century.
Synchronization of smolt migration and ocean conditions
The analysis of year-day of target air temperature and target SST reflects the trends seen in the SST correlations and reveals a discontinuity between spring air and ocean warming dynamics. The analysis yielded a total of 490 correlations. The correlations with a positive sign suggest that when there were large differences in the target temperature yeardays, i.e., the number of days between the two dates, stock abundance was high. Alternatively, negative correlation suggests that large differences between the year-days were associated with low abundance. The results are visualized by plotting the response surface of the correlation coefficients by area and time lag. The largest magnitude correlations were found for area 1 data, approximately centered on a target SST of 6°C and a target air temperature of 11°C (Figs. 12a, 12b) . The surfaces for the other areas are all of lower magnitude correlations and do not possess any distinct peak or valley structures (Figs. 12c-12j) . The only significant correlations are those associated with the large magnitude negative correlations in area 1 at lag 2 (Fig. 12b) .
Spring SST conditions have shifted dramatically during the study period, whereas spring air temperature trends show very little variation. The strong correlation between differences in target temperature dates in area 1 and the landings index can be traced to the shift in date of occurrence of 6°C SST (Fig. 13b) . The progression of dates over the past century show that area 1 has warmed earlier in the year during poor production periods, characterized by a shift in date from the first week of June during better production periods to the third week in May during poor production periods. There has been little change in the date of occurrence of 11°C air temperature in the drainage area associated with area 1; for the most part, the date of occurrence has been during the last week of May (Fig. 13a) . Air temperatures for the months April to June have remained relatively constant in area 1 during the past century (Figs. 14a-14c) . However, it is worth noting that spring air temperatures in area 2 have increased over the past century as compared with area 1 temperatures; the slopes of linear regressions were all significant for April, May, and June air temperature for area 2 and nonsignificant for area 1 at p = 0.05 (Figs. 14a-14c ). It is important to remember that this analysis is conditioned on the landing index, which is greatly influenced by the production of stocks from the Gulf of St. Lawrence (area 1); hence, the response of stocks at the end of the range may be different than suggested by the trend of the stock complex.
Climate indices
Both climate indices, the GSNW and NAO, were correlated to the landings index. The strongest correlations between the landings index and GSNW indices were for the January and February principal components (Table 7) . The weaker correlations were associated with the data for June, November, and December. The annual GSNW index is significantly correlated and plotted in Fig. 15b (the landings index is repeated in Fig. 15a ) and shows an increasing trend since 1970, exactly opposite to landing index trend. The NAO index has also trended strongly positive over the past three decades (Fig. 15c) , which probably accounts for the correlation observed between the NAO and landings indices; however, it is also clear that the NAO index during the first half of the century is poorly correlated to the landings index.
Discussion
Broad-scale climate forcing appears to control the multidecadal abundance of Atlantic salmon in North America. The strongest manifestation of this climate effect is a correlation to mid-winter ocean conditions focused off the coasts of northeastern United States and Nova Scotia; however, the covariation of the winter signal with climate in the marine nursery areas during spring and in the freshwater nursery areas during winter suggest that mechanisms other than factors affecting oceanic adults during winter are at work on the stock complex. The explanatory power of any single correlation is limited, more so in the case of this study where the application of statistical rigor has reduced the pool of potentially correlated variables to a smaller group. Nonetheless, taken in the context of other ancillary information, we feel that certain hypotheses relating climate and salmon recruitment in North America are favored, though still unproven.
The fact remains that index stocks clearly show that marine mortality for post-smolts has increased over the past two decades, coincident with the dramatic decline in stock abundance (Friedland 1994) . The correlation related to spring SST conditions is in the right place and time to suggest an impact on migrating smolts. Furthermore, surveys in fresh water show that conservation measures designed to increase the production of juvenile salmon have succeeded in at least producing increased numbers of juveniles in many of the most important salmon-producing areas during the same time period of the overall stock decline (Anonymous 2002) . These factors would argue that the spring climate signal re- lated to post-smolts is of greater ecological concern if a case for overwintering mortality cannot be supported.
The correlations related to winter climate impacting on freshwater nursery areas and overwintering mortality are difficult to interpret. Temperature trends, considered on both monthly and daily time scales, are uncorrelated with stock size. This would argue against temperature trends producing ice destabilizing thaws in the nurseries and killing premigrant juveniles. Yet we must be mindful of the fact that the smoothed patterns in the temperature data do match stock size and, in a way, appropriate to affect nursery stability. The coherent nature of the temperature fields and the limited number of recruitment years impacting the landings index argue against filtering the data before the statistical analysis. Undoubtedly, in some years, unfavorable conditions for premigrant smolts would be more likely followed by poor postsmolt survival years, intensifying the climate effect on the stock complex. The filtered rainfall data for the New Brunswick -Quebec group show many of the features associated with the landings index time series. In the absence of data to show otherwise, we must conclude that climate impacts on freshwater habitats must be a secondary factor. Direct observations show that ice instability is occurring in freshwater salmon habitats and that climate change appears to be intensifying (Beltaos and Prowse 2001 ), but it is not clear whether this impact is operating at a level commensurate with the stock complex.
The correlation between thermal conditions during spring in the Gulf of St. Lawrence and stock size is an indication that varying ocean conditions during first entry into the marine environment is critical to Atlantic salmon. The spatial and temporal focus of this correlation is particularly useful as it is the first indication from long-term data that spring climate effects could be the controlling mechanism for Atlantic salmon populations in North America. The aspect of this relationship that is particularly intriguing is the fact that the correlation is negative with temperature. The emerging paradigm from work with European Atlantic salmon stocks is that warm conditions are of benefit to the growth and survival of post-smolts (Friedland et at. 2000) . The reverse sign of the correlation for North American stocks suggests that a different mechanism is at work. Because salmonid growth increases linearly with water temperature given an adequate food supply (Brett 1979) , we are immediately faced with the dilemma of making sense of the correlations that shows warmer conditions associated with poorer survival. Growth may be greater at lower temperature if ration is limited because higher temperature is often associated with increased metabolic demands (Despatie et al. 2001) ; thus, a growthbased mechanism is still a possibility even if thermal conditions are not favorable.
Temperature, among a wide array of factors, can impact the distribution and abundance of food items. Post-smolts undergo an important ontogenetic change in feeding that may be key to their survival during the first year at sea. When post-smolts first enter the marine environment, they feed mainly on terrestrial insects and marine invertebrates and then make a transition to piscivory, usually concentrating on the age-0 groups of a winter-spawned species (Hislop and Shelton 1993) . For example, Salminen et al. (2001) reported that salmon posts-smolts first feed on young-of-theyear herring in the Baltic when they make the transition to piscivory. This is supported in the feeding data available for the North American nurseries as well; however, the transition fish prey is not always herring. Dutil and Coutu (1988) found that the dominant food item in the diet of Gulf of St. Lawrence post-smolts was sand lance larvae, Ammodytes americanus. Sand lance larvae are one of the dominant species in the ichthyoplankton of most areas in the post-smolt nursery (Locke and Courtenay 1995; Lazzari 2001) . Wright and Bailey (1996) suggested that coupling between hatching and the onset of spring secondary production is important to the growth and survivorship of sand lance, Ammodytes marinus, from the Shetland Islands area. Changes in availability of the same species of sand lance have been implicated as critical to the success of seabirds (Rindorf et al. 2000) . Similarly, capelin larvae are also abundant in most of the nursery areas and may provide another source of food for salmon post-smolts as they switch to a piscivorous life style. Spring climate variation may influence the availability of a preferred ichthyoplankton prey; however, most of these species are only intermittently assessed in North America, precluding any firm conclusions at this time.
The contrast in climate conditions in the Gulf of St. Lawrence may be indicative of variation in the migration of Atlantic salmon post-smolts, especially in the context of movement of its predators and prey. Hinch et al. (1995) observed a negative correlation between temperature conditions and the abundance of sockeye, Oncorhynchus nerka, and hypothesized that the higher temperatures were associated with greater predation pressure. Migratory pelagic predators like mackerel, which could overlap spatially and temporally with postsmolts, are often associated with thermal transition zones (Garrison et al. 2000) . Alternatively, the warm conditions in spring post-smolt nurseries associated with poor survival may reflect increased swimming demanded of these cohorts as they seek optimal temperatures and thus not be directly related to predation. Patterns of survival for salmon stocks throughout the North Atlantic illustrates that stocks with shorter migrations to the feeding grounds have higher survival rates (Bley and Moring 1988; Friedland 1994) . There is reason to believe that the relationship between migration and survival is an important scalar for interannual variability as well.
The timing of ocean entry has been recognized as a critical trait for locally adapted salmon populations. Our results suggest that emigrational cues are not in synchronization with target ocean conditions favorable to post-smolts in the Gulf of St. Lawrence, which is the core area of the distribution of salmon in North America. However, we might expect a different response for populations from other parts of the range. For Norwegian rivers, it has been shown that the timing of smolt migration is a population-specific characteristic that changes with latitude (Hvidsten et al. 1998) . It is believed that the specific timing of the migration is to provide optimal feeding conditions outside the river of origin during the early marine phase. Genetic evidence suggests that the local adaptations go beyond simple migrational cues and include adaptations related to growth and development as well (Nielsen et al. 2001) . Smolt migration timing has been characterized for a group of Icelandic rivers, where despite wide variation in the timing of smolt runs, post-smolts enter the ocean within a relatively narrow range of ocean temperatures (Antonsson and Gudjonsson 2002) . However, the Northwest Atlantic is far more dynamic than either the central or northeastern regions of the Atlantic Ocean. Responding to primarily a temperature-related cue, migration timing of stocks into the Gulf of St. Lawrence would appear to have changed little over the past century. However, there have been dramatic changes in the thermal conditions in the ocean and, by supposition, ecosystem conditions impacting post-smolts. A related effect may be at work in the Gulf of Maine and Nova Scotia areas where air temperatures in spring have increased suggesting that migrations may have shifted to earlier dates.
Consideration of the impact of winter climate should not be limited to mortality effects on the stock complex. With a stock complex mainly composed of 1SW and 2SW salmon, variation in maturity schedules could have a profound effect on landings and the availability of fish to certain fisheries. Numerous authors have hypothesized that Atlantic salmon maturity could be affected by winter migration routes (Martin and Mitchell 1985; Reddin 1988; Friedland et al. 1998b) ; the variation in SST signal that we documented could represent changes in the orientation cues used for migrations by adult fish. Noting the same concern over the role of winter climate in freshwater nursery areas, variation in maturity could also be represented as an additive affect that covaries with other mortality effects and thus intensifies the impact of climate on the stock complex.
The specific climate impacts on Atlantic salmon appear to be driven by broad-scale forcing related to the NAO and manifested in the distribution of SST caused by the shifting position of the Gulf Stream. Friedland et al. (1993) noticed the potential relationship between NAO and salmon stocks in North America; however, the refinement of an atmospheric to sea surface linkage described by the GSNW index may be useful in considering a range of effects on Atlantic salmon stocks. It has been reported that much of the variation in GSNW can be attributed to NAO variation, at least for the last half of the twentieth century (Taylor and Gangopadhyay 2001) . Therefore, the same climate forcing influencing conditions in freshwater salmon habitats, including those considered in this paper, would be related to the same forcing producing SST differences and the associated marine habitat variations potentially impacting post-smolts.
We are intrigued by how the cyclic nature of the SST and putative response by the salmon stock complex relates to the first half of the NAO index versus the second half. Clearly, the NAO and GSNW indices in the second half of the twentieth century follow similar patterns to the SST and stock size data, but that relationship falters for NAO during the first half of the century. NAO is not showing the same pattern as seen in the SST or stock size data. NAO and SST are strongly correlated in the temperate portion of the Atlantic Ocean (Robertson et al. 2000) , which raises the question of whether SST is responsive to NAO in northern latitudes, or if the full NAO time series is equivalent?
The persistent state of the North Atlantic Oscillation in its positive anomaly has been interpreted as an indication of a global-warming impact on the dominant atmospheric circulation pattern in the North Atlantic area (Visbeck et al. 2001) . The consequences of such a shift in climate regimes will be manifest at all levels of the marine environment (Ottersen et al. 2001) . For migratory species that depend on the timing of seasonal events and that use environmental variables as migratory parameters, the consequences may be more profound then for nonmigratory species. In the case of salmon, successful completion of the life cycle is dependant on locally adapted behaviors (Nicieza 1995; Verspoor 1997) . In a practical sense, the importance of local traits can be seen in the husbandry literature, which is rife with examples illustrating the erosion of survival rates for transplants released at increasing distances from their natal rivers (Friedland 1994) . Salmon stray between river systems, and the evolution of new characters is believed to operate on a time scale of tens of generations (Hendry et al. 2000) , whereas the shift in climate indicated by the phase change in the NAO is on a time scale of only a couple of decades. Atlantic salmon may not be locally adapting quickly enough to this rate of change. Does that mean that the eroding stability of populations in the southern part of the range in North America is an indication of a climate-induced range contraction? Application of the precautionary approach would dictate that it has to be treated as such, with the burden of proof on those advocating otherwise.
